Direct cortical electrostimulation during brain surgery has been the basis of much of our understanding of functional regions of the cortex. The classic electrostimulation studies of Wilder Penfield and Herbert Jasper still guide our approaches to eloquent brain regions today. Direct cortical electrostimulation has also traditionally been the litmus test of whether neurological deficits would be incurred by tissue removal. This principle guides neurosurgeons removing lesions in the vicinity of languagebearing or sensorimotor cortex. It is also clear that removal of other known functional brain regions could result in specific neurological dysfunction (such as visual loss in occipital resection, alexia in dominant posterior temporal resection, and Gerstmann syndrome in dominant parietal lobe resection).
Direct cortical electrostimulation during brain surgery has been the basis of much of our understanding of functional regions of the cortex. The classic electrostimulation studies of Wilder Penfield and Herbert Jasper still guide our approaches to eloquent brain regions today. Direct cortical electrostimulation has also traditionally been the litmus test of whether neurological deficits would be incurred by tissue removal. This principle guides neurosurgeons removing lesions in the vicinity of languagebearing or sensorimotor cortex. It is also clear that removal of other known functional brain regions could result in specific neurological dysfunction (such as visual loss in occipital resection, alexia in dominant posterior temporal resection, and Gerstmann syndrome in dominant parietal lobe resection).
The accompanying study by Della Puppa et al. documents an unexpected finding of mathematical processing dysfunction elicited by direct cortical electrostimulation of the nondominant parietal lobe, in the vicinity of the intraparietal sulcus.
1 Data was obtained from 3 patients who were undergoing awake surgery of this area, and the authors found a reproducible dysfunction of multiplication and addition functions induced by direct cortical stimulation in the nondominant parietal lobe at relatively low amplitudes. These regions were spared and the patients had no deficit in mathematical processing postoperatively. Given that conventional wisdom holds that computational processing is housed in the dominant inferior parietal lobule, the results of this study contradict that widely held belief. Theirs is therefore an interesting and potentially important observation. It is not clear, however, that there is a 1-to-1 correlation between stimulation-induced function and focal deficit after resection. For example, the basal temporal lobe cortex on the dominant side commonly harbors language sites, yet resection of this area is routine in temporal lobe resections, and results in no detectable deficit. One must therefore interpret the results of the present study with caution. It must be remembered that mathematical processing-like many of the more complex brain functions-is likely a distributed function. The finding of a "node" in this network that could be stimulated and cause interruption in this function does not mean that this is the only such node, or even that it is a necessary one. Just like the basal temporal lobe and its relationship to language, it is possible that these areas in the nondominant parietal lobe could be safely resected despite the findings on direct cortical electrostimulation mapping.
This study nicely illustrates a fairly highly localized area whose stimulation results in specific mathematical dysfunction. In order to improve our understanding of the significance of this finding, it should be followed up with focused functional MRI studies in an attempt to corroborate the significance of the direct cortical electrostimulation findings. Functional MRI could also help answer questions relating to the possibility of other brain regions involved in this function, and perhaps provide an answer to the question of where division and subtraction went. Dr. Sagher's thoughtful comments regarding our paper provide us with the opportunity to clarify the implications of our findings for neurosurgery by further discussing the localization of simple calculation in the brain. As Dr. Sagher points out, conventional wisdom indeed holds that computational processing, including simple calculation, is Editorial J Neurosurg / Volume 119 / November 2013 housed in the left hemisphere. But even the "triple code model" theory, 3 which summarized the state of knowledge in the mid-1990s, suggested that only verbally mediated simple calculation is performed exclusively in the left hemisphere. More precisely, according to this view, rotelearned addition and multiplication are a function of the left angular gyrus, whereas even simple subtraction also requires the right hemisphere. In a later work, Dehaene et al. 4 further suggested that the left angular gyrus mainly concerns linguistic processing, and that in calculation, this structure depends on the left horizontal intraparietal sulcus. These views have evolved upon further evidence in recent years, however.
A meta-analysis conducted on functional MRI-based studies 2 found that activity is dominant in the left hemisphere for addition, either in the bilateral or right hemisphere for subtraction, and primarily in the right-dominant hemisphere for multiplication. Consistent with this finding, Rosenberg-Lee et al. 8 found that multiplication evokes significantly greater activation in the right posterior intraparietal sulcus. More recently, Price et al.
7 also demonstrated the role of the right hemisphere in math learning, insofar as a greater activation in the right intra parietal sulcus during calculation was related to lower math scores on the Preliminary Scholastic Aptitude Test (PSAT).
The importance of the right intraparietal sulcus has been further shown by transcranial magnetic stimulation. Using transcranial magnetic stimulation, Andres et al. 1 found that disruption to both the left and right horizontal intraparietal sulci leads to impaired multiplication. Interestingly, frequent errors of the retrieval type (table results other than the target, such as 7 × 3 = 14) suggested that bilateral disruption of the horizontal intraparietal sulcus impaired retrieval processes. Salillas et al. 9 further showed that efficiency in simple multiplication is dependent on the ventral region of the intraparietal sulcus in the right hemisphere, considered to be critical for motion representation and automatization.
It was data such as these given above that encouraged us to use simple calculation coupled with direct cortical electrostimulation during operations in the right parietal areas. The result is that eloquent areas for simple calculation were indeed found in the right parietal cortex. This may not be surprising if one considers traditional neuropsychological literature on right hemisphere acalculia. These data provide new insights on the still understudied nature of right hemisphere acalculia. Understandably, the main focus of studies on right hemisphere acalculia was on its spatial origin, whether determined by neglect or not. 5 No specific data for such a condition on the amount of errors in simple calculation are reported by group studies, but surely nonspatial errors significantly contribute to the impairment.
6
There is a long way to go to demonstrate that, as with linguistic functions, damaging a positive site for calculation would provoke irreparable postoperative acalculia. In our preliminary investigation, however, we found a considerable number of errors by inactivating distinct portions of the right parietal cortex, in particular in the intraparietal sulcus, a preferred route to the surgical approach of deeply seated lesions. In a case in which we operated on the left hemisphere, which will be independently reported, a decision had to be made about whether to go through a language-positive or a calculation-positive site; the decision to go through the calculation site lead to postoperative calculation deficits. We continue to investigate this topic.
